Introduction
============

Neurodegenerative diseases describe a clinical condition characterized by the selective and progressive loss of neurons, eventually leading to cognitive, behavioral, and physical defects that can cause the death of the patient. Some of these diseases, including Alzheimer\'s disease (AD), Parkinson\'s disease (PD), and amyotrophic lateral sclerosis (ALS), are sporadic and, in some instances, are inherited with gene mutations. Huntington\'s disease (HD) and Friedreich\'s ataxia (FRDA) are acquired in an entirely genetic manner. The exact mechanisms of the neuronal cell death are still unclear, although mutant genes causing these diseases have been identified. For the most part, there are no effective therapies.

The study of the underlying molecular mechanisms of these diseases and the development of new treatments for these devastating human neurodegenerative disorders have been hindered by the lack of appropriate model systems. Differentiated neurons derived from patient-specific induced pluripotent stem cells (iPSCs), however, are proving to be useful in investigations of the causes of neurodegenerative diseases and the search for drug targets that interrupt the disease processes. Transplantation of differentiated neurons offers a promising therapeutic strategy for minimizing the functional damage involved in neurodegenerative disorders.

Induced pluripotent stem cells
==============================

Following the seminal report on the ability to reprogram mouse fibroblast cells to a pluripotent state using four transcription factors (Oct4, Sox2, Klf4, and c-Myc) by Takahashi and Yamanaka in 2006 \[[@B1]\], cells from different somatic lineages and other species including human \[[@B2]-[@B5]\], pig \[[@B6]\], rat \[[@B7]\], rhesus monkey \[[@B8]\], marmoset \[[@B9]\], and sheep \[[@B10]\] have been reprogrammed successfully to iPSCs. Several other transcription factors (not just these four factors) have also been used to induce pluripotency successfully \[[@B11]\]. Depending on the cell type, it has been shown that fewer transcription factors may be sufficient for reprogramming, perhaps as few as one factor in neural stem cells \[[@B12]\]. It appears that the method of factor delivery is not critical as iPSC lines have been generated using retroviruses, lentiviruses, adenoviruses, and protein delivery of factors. Methods of transient delivery of factors allow us to define the window of time when changes occur and the sequence of application that will allow for the largest numbers of cells to be reprogrammed.

One important observation is that the reprogramming factors are not needed forever. Indeed, once the cells are reprogrammed, they express endogenous pluripotency genes and silence the exogenous ones - and thus, like embryonic stem cells or other pluripotent cells, iPSCs can readily differentiate into appropriate lineages. This observation has been utilized cleverly by several groups to develop zero footprinting technology that allows one to reprogram somatic cells with factors or genes that can then be permanently eliminated, leaving cells that at least theoretically should be indistinguishable from embryonic stem cells derived in a conventional fashion. Such techniques include the use of Cre/Lox \[[@B3],[@B13]\], piggyBac \[[@B14]\], and sleeping beauty transposons to efficiently eliminate integrating particles, and the more recent techniques of using plasmids \[[@B15]\] and other episomal strategies that are effectively diluted out as the cells divide \[[@B16]\], as well as using RNA \[[@B17]\], proteins \[[@B18]\], and small molecules that reduce the probability of any potential unintended integrating event to zero \[[@B19]\].

In parallel to reprogramming, testing the ability of iPSCs to behave like embryonic stem cells has been initiated. These experiments include making chimeras in mice, demonstrating germline transmission and following F1 and F2 generations over a couple of years, using genome-wide gene expression analysis, epigenetic profiling, and miRNA expression as well as functional testing in animal models of disease. Although there are few direct side by side comparisons that might reveal subtle differences, the results to a large extent confirm that the cells behave virtually identically to each other irrespective of the path to pluripotency \[[@B20]\]. Nevertheless some differences have been observed. For example, the observed frequency of karyotypic abnormalities seems to be higher in iPSCs, which is not unexpected giving the additional culture and genomic alterations that are known to occur with viral transduction and selection pressures. Anecdotal evidence suggests that teratomas from iPSCs appear less complex and more cystic, the frequency and extent of chimerism is smaller, and there appear biases depending on the cell of origin of the pluripotent population. Whether these differences are significant and wider than normal allelic differences, however, remains to be seen \[[@B20]\].

Human iPSCs represent a promising cell source for generating patient-specific and/or disease-specific pluripotent cells and subsequently generating differentiated cell types that are impaired by diseases. This approach is particularly promising for studying neurodegenerative diseases *in vitro*where primary human neurons are not available for experiments. In the present manuscript we will discuss potential applications of human iPSCs in neurodegenerative diseases and recent advances in such potentials.

Neurodegenerative diseases
==========================

AD is associated with the selective damage of brain regions and neural circuits critical for cognition and memory, including neurons in the neocortex, hippocampus, amygdala, basal forebrain cholinergic system, and brainstem monoaminergic nuclei. Pathological features of AD are characterized by histological lesions including extracellular senile plaques and intracellular neurofibrillary tangles, which contain fibrillar β-amyloid (Aβ) and hyperphosphorylated tau proteins, respectively \[[@B21]\]. Most cases of AD are sporadic, but autosomaldominant, familial AD is also seen with mutations in presenilin and amyloid precursor protein. In addition, genetic variations in the genes coding for apolipoprotein E and ubiquitin 1 also appear to modify the disease risk \[[@B22]\]. Although the mechanisms of how such genetic mutations lead to the disease remains elusive, toxic effects of cleavage products of amyloid precursor protein have received the most attention. One dominant hypothesis concerning the etiology and pathogenesis of AD is the so-called amyloid cascade hypothesis \[[@B22]\]. This theory currently suggests that the production of longer Aβ peptides, particularly in a highly toxic oligomeric form, results in aggregation and deposition of Aβ in the brain. Aggregated Aβ leads to neuronal toxicity, resulting in neurofibrillary degeneration, microglial activation, and, ultimately, synaptic and neuronal loss.

PD is a common age-related neurodegenerative disorder that is pathologically characterized by the selective loss of nigrostriatal dopaminergic neurons in the substantia nigra pars compacta region of the ventral midbrain and by the presence of ubiquinated protein deposits in residual neurons (Lewy bodies) \[[@B23]-[@B25]\]. Genes identified to date that cause familial forms of the disease include α-synuclein, ubiquitin carboxy-terminal hydrolase L1, parkin, DJ-1, putative serine threonine kinase 1, and leucine-rich repeat kinase 2. Although the molecular connection between these various familial parkinsonisms is currently difficult to make, human PD as a consequence of genetic mutations in these genes appears to have a common endpoint of nigrostriatal dopaminergic neuronal degeneration \[[@B23]-[@B25]\]. Epidemiological evidence has suggested that environmental agents in combination with genetic susceptibility may also be responsible for the associated neurodegeneration in PD \[[@B26]-[@B29]\].

HD, a dominant inherited neurodegenerative disorder, is caused by abnormal expansion of the CAG repeat (36 repeats or more) in exon 1 of the huntingtin (*htt*) gene located on chromosome 4p16.3. HD patients exhibit neuronal degeneration predominantly in the striatum and the cerebral cortex. Medium spiny neurons that contain γ-aminobutyric acid and enkephalin are most susceptible to dysfunction and degeneration early in the striatum of the disease. Cortical pyramidal neurons degenerate before the onset of clinical features of HD. With disease progression, neuronal loss becomes more global, affecting numerous brain areas \[[@B30]-[@B32]\]. Multiple molecular pathways are involved in the pathogenesis of HD, including abnormal protein aggregation and proteolysis, excitotoxicity, transcriptional dysregulation, mitochondrial dysfunction, and changes in axonal transport and synaptic dysfunction \[[@B30]-[@B32]\].

ALS, also referred to as Lou Gehrig\'s disease, is a rapidly progressive, invariably fatal neurodegenerative disorder that affects motor neurons in the motor cortex, brainstem, and spinal cord. The majority of the disease cases are sporadic, yet mutations have been identified in familial cases of ALS \[[@B33]\]. Approximately 20% of familial ALS cases are caused by autosomal dominant mutations in superoxide dismutase 1 (*SOD1*), a ubiquitously expressed cytoplasmic enzyme \[[@B34]\]. More than 140 different *SOD1*mutations have been identified that all cause a rather similar disease phenotype. All mutants show reduced conformational stability and cause the accumulation of hydrophobic and aggregation-prone SOD1 subfractions when expressed in cellular and transgenic mouse models \[[@B33],[@B35]\]. Several mechanisms have been proposed to explain motor neuron death in ALS, including glutamate-induced excitotoxicity, cytoskeletal abnormalities, protein aggregation, oxidative stress, angiogenic factors, mitochondrial dysfunction, and extracellular SOD1 toxicity \[[@B33],[@B35]\].

FRDA, the most common autosomal recessive ataxia, affects both central and peripheral nervous systems: heart, skeleton, and endocrine pancreas. The disease is caused by expansion of a guanine-adenine-adenine tri-nucleotide repeat located within the first intron of the *frataxin*gene on chromosome 9q13 \[[@B36]\]. Frataxin is found primarily in mitochondria. Deficiency of frataxin results in mitochondrial iron accumulation, defects in specific mitochondrial enzymes, enhanced sensitivity to oxidative stress, and, eventually, free-radical mediated cell death \[[@B37]\].

iPSC potential applications in neurodegenerative diseases
=========================================================

One strategy to study neurodegenerative diseases is to generate experimental models that mimic the initiation and progression of the disease. Human neurons present great challenges for the development of an adequate model system that closely resembles the process of neuron degeneration in neurodegenerative diseases, because normal neurons do not generally divide and are thus not readily maintained *in vitro*. Currently available model systems such as animal models, immortalized cell lines, and primary cultures have limitations and have not contributed further to an understanding of both the important pathology and potential neuroprotective therapeutics for neurodegenerative diseases. The recent acquired ability to reprogram adult somatic cells to iPSCs and advances in differentiating iPSCs to specific somatic cell types, however, have the potential to overcome the inherent limitations of existing disease model systems \[[@B38]\]. In theory, disease-specific and patient-specific iPSCs can be directed to differentiate into any specific neuronal cell types that maintain the disease genotype and phenotype, which potentially can provide more relevant human disease models. Disease-specific iPSCs thus represent a promising resource that explores disease mechanisms, discovers candidate drugs, and develops new therapies.

Such *in vitro*disease modeling by iPSCs will define some of the *in vivo*events occurring in these disorders and will allow for direct examination of the unique features of human neurons with respect to their responses to environmental and chemical toxins as well as pharmacological agents. Consequently, such studies will provide important information concerning potential molecular targets and approaches for therapy that can be tested in the laboratory. The demonstration of therapeutic efficacies in these neurodegenerative disease model systems should then be directly transformed into new treatments for these devastating illnesses \[[@B38]\].

Indeed, efforts on iPSC-based neurodegenerative disease modeling and potential cell replacement therapy have been initiated by several research groups. One of the first studies reported the reprogramming of iPSCs from an ALS patient. Dimos and colleagues have shown that fibroblasts from an elderly patient diagnosed with ALS-associated mutations in the gene encoding *SOD1*could be efficiently reprogrammed to iPSCs. They also demonstrated that these patient-derived iPSCs could be subsequently differentiated into motor neurons and glia. Importantly, analysis of quantitative reverse transcription PCR reveal that these patient-specific iPSCs possess a gene expression signature similar to that of human embryonic stem cells (hESCs) and can be differentiated into cell types representative of each of the three embryonic germ layers \[[@B4]\]. In addition, Park and colleagues obtained fibroblasts from a young patient with HD-associated mutations in the gene encoding huntingtin (*htt*). Fibroblasts from a skin biopsy of this patient were transduced with retroviruses that expressed the four key transcription factors (Oct4, Sox2, Klf4, and c-Myc), thus producing induced iPSCs. These patient-specific iPSCs possess properties of hESCs when grown in co-culture with mouse embryonic feeder fibroblasts \[[@B5]\]. One anticipates that this approach will be immediately useful in the analysis of neurodegenerative diseases. Understanding how mutant genes such as *SOD1*and *htt*alter cellular response to perturbations is crucial, especially for investigating disease mechanisms and developing selective therapeutics.

More recently, Ku and colleagues reported the generation of iPSC lines derived from FRDA patient fibroblasts \[[@B39]\]. The authors found that the long GAA·TTC repeats in the mutant *FXN*alleles undergo further expansion during the reprogramming of FRDA fibroblasts and that the repeat instability observed in the iPSCs is highly similar to FRDA patient families. Ku and colleagues also observed that the mismatch repair enzyme MSH2 is significantly increased in FRDA iPSCs and that lentiviral shRNA silencing of the *MSH2*gene in iPSCs decreases the scale of repeat expansions of the mutant FRDA alleles, providing valuable models to study the cellular pathology of FRDA and to develop high-throughput drug screening assays.

Since neuronal degeneration in PD is relatively focal and since dopaminergic neurons can be efficiently generated from hESCs \[[@B40]\], PD might provide an ideal disease for iPSC-based diseasing modeling and cell therapy. iPSC lines reprogrammed from fibroblasts of patients with idiopathic PD were first reported by Soldner and colleagues using the four Yamanaka factors, which were then excised by Cre-mediated recombination in 2009 \[[@B3]\]. The authors showed these viral vector-free iPSCs could differentiate into tyrosine hydroxylase-positive cells. We recently reported the efficient generation of dopaminergic neurons from multiple human iPSC lines that functioned *in vivo*in a PD animal model for the first time \[[@B2]\]. Using a scalable process for the production of functional dopaminergic neurons we have developed for hESCs in xeno-free defined conditions that are suitable for potential clinical use, we showed that neural stem cells derived from two human iPSC lines adapted to defined media were able to differentiate into functional dopaminergic neurons similar to hESCs in terms of time course, neural patterning, and efficiency of generation of dopaminergic neurons. Side by side comparison of iPSCs and hESCs as well as of iPSC-derived and hESC-derived neural stem cells and dopaminergic neurons revealed that iPSCs were overall similar to hESCs in gene expression profiles. Importantly, iPSC-derived dopaminergic neurons were functional as they survived and improved behavioral deficits in 6-hydroxydopamine-lesioned rats after transplantation. This approach will not only facilitate subsequent adaptation of protocols to Good Manufacturing Practice standards, which is a prerequisite for progression towards clinical trials, but also offer an unprecedented opportunity to generate a large number of dopaminergic neurons for *in vitro*studies of the mechanisms of disease. More recently, transplantation to 6-hydroxydopamine-lesioned parkinsonian rats by Hargus and colleagues showed that a dopaminergic population derived from PD iPSCs could survive and restore both amphetamine-induced functions, and that the grafts contained large numbers of midbrain dopamine neurons, which innervated the host striatum \[[@B41]\].

The basal forebrain cholinergic neurons provide a widespread excitatory projection to the cerebral cortex and hippocampus. These neurons are involved in various higher cortical functions such as the maintenance of attention and wakefulness and the processing of short-term and long-term memory \[[@B42]\]. Key neuropathological findings in individuals with AD include a selective loss of cholinergic neurons of the basal forebrain and the presence of extracellular and intracellular plaques composed of Aβ protein. Their degeneration has been linked to memory and cognitive impairment seen in AD \[[@B22]\]. More recently, Bissonnette and colleagues demonstrated that transcription factors important for *in vivo*forebrain development can be systematically applied to direct hESC differentiation into functional basal forebrain cholinergic neurons *in vitro*\[[@B43]\]. This experimental system also provides a powerful tool to create functional basal forebrain cholinergic neurons using iPSCs from AD patients.

Conclusions
===========

Although iPSC research is still in its infancy (less than 5 years have been passed since the first generation of iPSCs in 2006), the field has moved rapidly and exciting progress has been made. The ability to generate disease-specific iPSC lines from patients and to differentiate them into neuronal cells has allowed investigators to produce neurons that recapitulate some, if not all, of the features of neurodegenerative diseases that are otherwise unavailable. These model systems are predicated to be very useful in explorations of the nature of biochemical alterations in neural cells, the evolution of pathologies, and the pathogenic mechanisms. Furthermore, the development of models for these disorders is accelerating efforts to translate insights related to neurodegenerative mechanisms into disease-modifying therapies. Importantly, the iPSC system described here will also robustly model environmental risk factor-induced neurodegenerative diseases and will be used to ask questions about the environmental risk factors that interact with gene products and pathways and contribute to disease development.

Ongoing studies are exploring the iPSC-based potential application in other neurological diseases. For example, Rett syndrome is a neurodevelopmental autism spectrum disorder that affects girls due primarily to mutations in the X-linked gene encoding methyl-CpG binding protein 2. Using iPSCs from female Rett syndrome patients\' fibroblasts, Marchetto and colleagues have created functional neurons that provide the first human cellular model for studying Rett syndrome and could be amenable to cell therapy and drug screens \[[@B44]\].

iPSC-based therapy for neurodegenerative diseases is an extremely exciting new therapeutic approach that is in the early stages of development. There are numerous challenges that remain before iPSC clinical applications. Several neurodegenerative conditions are noncell autonomous and neuronal death is driven by factors in the cellular microenvironment, such as inflammation. This is critical for iPSC replacement therapies because implantation of iPSC-derived neurons into a \'bad neighborhood\' will result in their inevitable death. The implantation of non-neuronal cells (astrocytes, oligo-dendrocytes) to refine the microenvironment is thus a viable strategy. In addition, lentiviral and retroviral vectors were recently used in delivery of reprogramming factors to generate iPSCs. Theses vectors may integrate into the genome in the host cells. The integration site is also unpredictable, which can disturb the function of cellular genes and lead to activation of oncogenes, thereby promoting tumorigenesis. Furthermore, the re-programming process and subsequent culture can induce copy number variations \[[@B45]\], point mutations \[[@B46]\], and abnormal DNA methylation patterns \[[@B47]\] during generation of iPSCs, which may affect their clinical use.
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This article is part of a review series on Induced pluripotent stem cells. Other articles in the series can be found online at <http://stemcellres.com/series/ipsc>
